Hypoxia is the main threat to morphological and functional integrity of isolated pancreatic islets. Lack of oxygen seems to be of particular importance for functionality of encapsulated islets. The present study was initiated as an experimental model for the environment experienced by human islets in a confined space present during culture, shipment, and in an implanted macrodevice. Quadruplicate aliquots of isolated human islets (n = 12) were cultured for 24 h at 37°C under normoxic conditions using 24-well plates equipped with 8-µm pore size filter inserts and filled with islet aliquots adjusted to obtain a seeding density of 75, 150, 300, or 600 IEQ/ cm 2 . After culture viability, glucose-stimulated insulin release, DNA content as well as Bax and Bcl-2 gene expression were measured. Culture supernatants were collected to determine production of VEGF and MCP-1. Viability correlated inversely with IEQ seeding density (r = −0.71, p < 0.001), while the correlation of VEGF and MCP-1 secretion with seeding density was positive (r = 0.78, p < 0.001; r = 0.54, p < 0.001). Decreased viability corresponded with a significant increase in the Bax/Bcl-2 mRNA ratio at 300 and 600 IEQ/cm 2 and with a sigificantly reduced glucose-stimulated insulin secretion and insulin content compared to 75 or 150 IEQ/cm 2 (p < 0.01). The present study demonstrates that the seeding density is inversely correlated with islet viability and in vitro function. This is associated with a significant increase in VEGF and MCP-1 release suggesting a hypoxic and proinflammatory islet microenvironment.
INTRODUCTION
Pancreatic islet transplantation is a highly successful treatment for reversing life-threatening hypoglycemic unawareness and restoring normal glucose homeostasis in people with type 1 diabetes mellitus (T1DM) 1, 2 . It has the advantage of being a minimally invasive procedure, and it also has the potential to stabilize or reverse the secondary complications of T1DM including nephropathy, retinopathy, and cardiovascular disorders [3] [4] [5] . Although the procedures for pancreas preservation and islet isolation have been improved over the last decade [6] [7] [8] inadequate oxygenation is still the main negative determinant of the morphological and functional integrity of pancreatic islets isolated for subsequent transplantation. Due to the specific preference of islets for the respiratory pathway of glucose breakdown 9 , any ischemic or hypoxic situation has dramatic and immediate effects on energy generation of islets 10 . In view of the knowledge that even normoxic culture conditions can induce hypoxia-related cell death in the core of islets 11, 12 , the supply of oxygen by diffusion appears to be a determining factor of islet function after transplantation. While the lack of oxygen affects the postransplant function of free islets 13 it seems to be even more important for survival of encapsulated islets 14, 15 . One of the main determinants of survival of islets maintained in an artificial environment is the seeding density 16 . Culture conditions can be optimized by an adequate number of culture vessels filled according to islet yield and purity with a thin layer of culture medium to reduce the diffusion distance for oxygen. In contrast, the capacity of an immunoprotective macrodevice to host a certain amount of islet tissue is predetermined by its design and limited size. So far, mathematical modeling has been used as the main tool to try to define the ideal physical requirements to preserve islet viability in an artificial environment [16] [17] [18] . Our study is one of the first experimental attempts to quantify the effects of seeding density on the viability and in vitro function of isolated human islets.
maTeRIaLS aND meTHODS

Islet Isolation
With appropriate informed consent and ethical approval by the NHS Research Committee, human pancreases were retrieved from 12 human multiorgan brain-dead donors. The male-to-female ratio was 6 to 6, and the mean donor age was 47.6 ± 3.0 years. The mean body mass index of the donors was 30.4 ± 1.4. All pancreases were perfused with University of Wisconsin solution (UW; Bridge to Life, London, UK) and shipped in UW to the Oxford DRWF Human Islet Isolation Facility within 6.8 ± 1.0 h of cold ischemia, defined as the interval between pancreas placement in the ice box and injection of the collagenase blend into the pancreatic duct. Enzymatic pancreas digestion 19 and islet purification 20 were performed using standard techniques. Isolated and purified islets were suspended in cold UW and stored for 24 to 48 h at 6°C in tissue culture flasks equipped with filter caps (Greiner Bio-One, Stonehouse, UK). Average purity was 70.4 ± 1.4%.
Islet Culture
After storage in UW recovered human islets were washed and collected in CMRL 1066 supplemented with 1 mmol/L l-glutamine, 25 mmol/L HEPES (PAA, Pasching, Austria), 5% fetal calf serum (FCS), and 100 U/ µg/ml penicillin-streptomycin (Life Technologies, Paisley, UK). Islet yield was determined using a standardized procedure converting islet number to islet equivalents (IEQ) with an average diameter of 150 µm 21 . After counting, quadruplicate aliquots of islets were transferred into 24-well plates equipped with 8-µm pore size filter inserts (Greiner). Aliquot volume was adjusted to obtain an islet seeding density of 75, 150, 300, or 600 IEQ/cm 2 . The final incubation volume was 500 µl per well resulting in a diffusion distance of 1.6 mm if measured from the islets in the insert to the surface of the medium. Subsequently, 24-well plates were incubated at 37°C in normal atmosphere enriched with 5% carbon dioxide. After culture, islets were recovered and processed for characterization. Conditioned culture medium was collected and assessed for islet chemokine release.
Islet Characterization
After 24 h of culture at different seeding densities, islet viability was assessed as membrane integrity utilizing 0.67 µmol/L of fluorescein diacetate (FDA; SigmaAldrich, Dorset, UK) and 4.0 µmol/L of propidium iodide (PI; Sigma-Aldrich) for staining of viable and dead cells, respectively 22 . The fluorescence of FDA-PI was quantified utilizing a fluorometric plate reader.
In vitro islet function was assessed in duplicate during static glucose incubation. Filter inserts were transferred into 24-well plates and sequentially incubated for 45 min in 1 ml of bicarbonate-free CMRL 1066 (Applichem GmbH, Darmstadt, Germany) supplemented with 2 mmol/L glucose followed by 45 min at 20 mmol/L finally followed by a second period of 45 min at 2 mmo/L glucose. After stimulation, islets were recovered and sonified in distilled water for subsequent determination of intracellular insulin and DNA content 7 . Intracellular and secreted insulin was determined utilizing an enzyme immunoassay specific for human insulin (Mercodia, Uppsala, Sweden) and normalized to islet DNA content measured by a Pico Green assay (Life Technologies). The glucose stimulation index was calculated by dividing the insulin release at 20 mmol/L glucose by the mean of the two basal periods.
The ATP content in islets cultured at different seeding densities was evaluated utilizing a commercially available high sensitivity kit (Biothema, Handen, Sweden). Briefly, triplicate aliquots of cultured islets were washed and placed in a white 96-well plate. Prior to disintegration by means of a kit-provided lysis reagent, islets were incubated for 10 min with an ATP-eliminating reagent to remove extracellular ATP. Afterward, luciferase was added and the light emission quantified by a luminometric plate reader. Subsequently, a reference sample was added and measured to calculate the intraislet ATP content. ATP was normalized to DNA assessed as described above.
Islet Chemokine Release
After 24 h of culture at different seeding densities, isletpreconditioned supernatants were collected and assessed for production and secretion of hypoxia-and inflammationrelated chemokines. The production and secretion of vascular endothelial growth factor (VEGF) and monocyte chemotactic protein 1 (MCP-1) by cultured islets was detected utilizing enzyme immunoassays specific for these human chemokines (Life Technologies).
Quantitative Real-Time Polymerase Chain Reaction
Gene expression within cultured islets was measured using Taqman-based quantitative real-time polymerase chain reaction (qRT-PCR). Cultured islets were collected in phosphate-buffered saline (PBS) and lysed for 15 min at 72°C utilizing the CellsDirect One-Step qRT-PCR kit (Invitrogen, Paisley, UK) for cell lysis and all subsequent steps. Lysates were stored at −80°C until further processing of the samples. Gene-specific PCR products were continuously measured in triplicate during 35 cycles of a singleplex reaction performed on a QuantStudio 7 cycler (Life Technologies). The target genes Bax (Hs00180269_ m1 FAM-MGB) and Bcl-2 (Hs00608023_m1 FAM-MGB) were normalized to b-actin (Hs01060665_g1 VIC-MGB). All primers were provided by Applied Biosystems (Paisley, UK).
Data Analysis
All statistical analysis was performed using Prism 6.0d for MacIntosh (GraphPad, La Jolla, CA, USA). Comparisons of data were carried out by Friedman test followed by Dunn's test for multiple comparisons. Insulin release at low-and high-glucose concentrations within an experimental group was compared by the Wilcoxon test. Correlations were analyzed using Spearman's rank correlation. Differences were considered significant at p < 0.05. Values of p > 0.05 were defined as nonsignificant (NS). For clarity, results are expressed as mean ± standard error (SEM) rather than the correct nonparametric measures of median and quartiles.
ReSULTS
Islet Characterization
Isolated islets were aliquoted to obtain an islet seeding density of 75, 150, 300, or 600 IEQ/cm 2 . Considering the purity of each preparation the number of islets plus non-endocrine particles per cm 2 for each category was 107 ± 2.3, 214 ± 4.6, 428 ± 9.3, and 856 ± 18.5, respectively. The accuracy of seeding was validated measuring the DNA content in the wells (Table 1) , which significantly correlated with the number of IEQ (r = 0.58, p < 0.001) and the number of particles (r = 0.57, p < 0.001) considering also non-endocrine tissue. As demonstrated in Table 1 , the seeding density had a significant impact on islet viability, which dropped at 300 (p < 0.001 vs. 75 IEQ/ cm 2 ) and 600 IEQ/cm 2 (p < 0.001 vs. 75 IEQ/cm 2 ; p < 0.01 vs. 150 IEQ/cm 2 ). No significant effect was noted when correlating islet purity with viability (r = −0.27, NS). Islet viability corresponded with the expression of pro-and antiapoptotic genes determined as Bax-to-Bcl-2 ratio. A significant increase in this ratio was measured in islets cultured at a seeding density of 600 IEQ/cm 2 when compared to 75 IEQ/cm 2 (p < 0.05) or 150 IEQ/cm 2 (p < 0.001) (Table 1) . Although ATP correlated inversely with the DNA content (r = −0.36, p < 0.05) the differences between the experimental groups were not significant (Table 1) .
Islet In vitro Function
After 24 h of culture at different seeding densities, islet in vitro function was assessed during sequential incubation at 2 and 20 mmol/L glucose. Islets were stimulated as recovered aliquots and not manually selected. Basal (r = −0.67, p < 0.001) as well as stimulated insulin release (r = −0.75, p < 0.001) inversely correlated with the amount of DNA recovered after culture. As shown in Table 2 , a seeding density of 300 and 600 IEQ/cm 2 significantly decreased basal and stimulated insulin release when compared to 75 or 150 IEQ/cm 2 . As a result, islets cultured at a density of ³300 IEQ/cm 2 did not respond adequately toward a glucose challenge when compared to 75 and 150 IEQ/cm 2 . The lower secretory capacity of islets cultured at higher seeding densities is reflected by the glucose stimulation index, which was significantly reduced in islets cultured at 300 (2.20 ± 0.70) and 600 IEQ/ cm 2 (1.47 ± 0.21) when opposed to islets cultured at 75 (3.48 ± 1.21, p < 0.01 vs. 300 IEQ/cm 2 , p < 0.001 vs. 600 IEQ/cm 2 ) and 150 IEQ/cm 2 (2.95 ± 0.98, p < 0.05 vs. 300 IEQ/cm 2 , p < 0.01 vs. 600 IEQ/cm 2 ). Although islet purity did not affect the glucose stimulation index (r = 0.08, NS), basal (r = 0.56, p < 0.001) as well as stimulated (r = 0.50, p <0.001) insulin secretion was influenced by this parameter.
Significant differences were also present between experimental groups regarding the intracellular insulin content. Islets cultured at a seeding density of 75 IEQ/ cm 2 had a significantly higher intracellular insulin content when compared to 300 and 600 IEQ/cm 2 (p < 0.05). As observed for insulin release, an inverse correlation was found between the amount of DNA and the intracellular insulin content (r = −0.66, p < 0.001). In agreement, islet purity had a positive correlation with the intracellular insulin content (r = 0.44, p < 0.01). Islet Chemokine Release VEGF and MCP-1 production of human islets was investigated in culture supernatants collected after 24 h of incubation. Although VEGF production varied in a wide range between different donors, an incremental increase in VEGF secretion was always found in the supernatants of higher seeding densities ( No relevant effect of islet purity on MCP-1 (r = 0.11, NS) release was found. In contrast, VEGF correlated slightly but significantly with islet purity (r = 0.31, p < 0.05), indicating that mainly islet tissue contributed to hypoxia-induced signaling.
DISCUSSION
In contrast to immortalized cell lines or tumor-derived cells, primary human islets isolated from adult donors are not at the risk of suffering from nutrient depletion within the medium if maintained in culture for a limited period of time until transplantation 23 . This does not exclude that both survival and function of cultured human islets are deteriorated when growth or survival factors are not provided by supplements or serum 24, 25 . Moreover, it has been shown that hypoxia synergistically enhances islet cell death when islets are exposed to serum deprivation during culture 26 . The cellular response toward hypoxia is mainly determined by the activation of numerous HIF-1a-controlled genes that are related to protective or proapoptotic mechanisms such as VEGF or caspase 3 formation [27] [28] [29] . However, even when culture conditions are characterized by normoxic atmosphere and serum supplementation, local hypoxia can occur in the microenvironment of cultured islets as demonstrated by the coexpression of VEGF and central necrosis in rat islets 11, 30 . Mathematical models indicate that this local hypoxia is mainly related to the ellipsoid structure of islets composed of several hundred cells 31 , which reduces the passive diffusion of oxygen into the core of the islets 12, 18 . The diffusion rate of oxygen is also defined by the media volume used for islet suspension. The amount of culture medium determines the distance between islets at the bottom of a culture vessel and the upper surface of the fluid forming the interface between the islets and the gaseous phase 32, 33 . In the present experimental setting the incubation volume was minimized to guarantee a maximum diffusion distance of 1.6 mm between the islets and the atmosphere, which corresponds to clinically established culture protocols 34 . Considering the specifically high respiratory rate of islets 9, 35, 36 it seems to be obvious that higher seeding densities (defined as IEQ per cm 2 of culture vessel area) will additionally reduce the local oxygen concentrations in the islet microenvironment. In accordance with Papas et al.'s calculations 16 , the data of the present study demonstrate that the seeding density of human islets inversely correlates with viability of islets even when islets are cultured . The deviation between our experimental findings and the expected values may be explained by idealized conditions assumed for a mathematical model on the one hand and the variability observed in human pancreas donors and islet counting on the other 37 . In addition, the viability in our preparations, as measured by unbiased plate reader technique, would result in lower respiratory rates 38 , which seems to facilitate islet culture at higher seeding densities as expected 16 . The measurement of the VEGF production of human islets cultured at different seeding densities revealed that high numbers of large cell clusters concentrated in small areas is an important contributor to local hypoxia. Seeding densities ³300 IEQ/cm 2 induced a VEGF secretion that reached a level approximately fivefold higher than the potential threshold of 150 IEQ/cm 2 . In addition, we found that any change in VEGF secretion is associated with a similar adaption of MCP-1 production. This finding has practical implications for posttransplant function, particularly for encapsulated islets. Previous studies have clearly demonstrated that the reduction of exogenous insulin requirements in islet-transplanted type 1 diabetic patients inversely correlates with the MCP-1 secretion of human islets during pretransplant culture 39 . Thus, our study is in agreement with previous observations indicating that human islets produce increased amounts of VEGF and MCP-1 and exhibit signs of apoptosis when exposed to hypoxia 40, 41 . Moreover, we could also detect significant differences in islet viability using a normoxic atmosphere. Consistent with the reduction of islet viability we observed a significant increase in the Bax-to-Bcl-2 mRNA ratio, suggesting a shift toward proapoptotic mechanisms within hypoxic human islets and thereby confirming previous studies 27, 28, 40 . Although the differences in the ATP content of the different experimental groups were not significant, the inverse correlation between DNA and ATP content in cultured islets indicates that the oxygen supply at higher seeding densities is insufficient for oxidative glucose metabolism as the preferred pathway for glucose breakdown in human islets 42, 43 . As a consequence, glucosestimulated insulin secretion is coupled with oxidative glucose metabolization and correlates with the increase in oxygen consumption rate in stimulated islets 38, 44 . Vice versa, hypoxia has not only an inhibitory effect on glucose oxidation and glucose-stimulated insulin release 28, [45] [46] [47] but also on insulin biosynthesis and intracellular insulin content 48, 49 . In agreement with these previous observations and calculations of Papas et al. 16 , revealing that higher seeding densities increase the anoxic volume within islets, we found that higher seeding densities are characterized by a decreased insulin secretory capacity and reduced insulin content. The overall importance of sufficient oxygen supply for b-cell-specific pathways is additionally demonstrated by the finding that b cells are much more sensitive toward hypoxia-induced apoptosis than a cells 50 . Another possible explanation for the decrease in insulin secretion at higher seeding densities is the existence of a potential negative feedback loop for insulin release. Previous studies indicated that insulin inhibits its own glucose-stimulated secretion when a static incubation system is used 51, 52 . The extent of inhibition seems to be related to the number of islets incubated 53 . In contrast, islets that were loaded into a dynamic perifusion system do not show a secretory downregulation through ambient insulin 54 even when seeded at a density of 4,000 islets per cm 2(55) . As with any other organ, the metabolic demand of islets is clearly related to the environmental temperature. According to the Q10 temperature coefficient any reduction of the environmental temperature by 10°C reduces the metabolic rate of organisms and cells by a factor of approximately 3 or more 56 . The reduced metabolic activity of islets cultured at a temperature of 22°C or 24°C is reflected by a lower insulin release at basal conditions and by a decreased insulin stimulatory capacity when compared to islets cultured at 37°C 57, 58 . Because hypothermia mainly affects the mitochondrial pathways of glucose breakdown the demand for oxygen is also strongly reduced 59 . As a consequence, the extent of central necrosis is significantly decreased and correlates with higher survival at lower temperatures 58, 60 . Nevertheless, while hypothermia reduces the metabolic demand of islets in culture, particularly when seeded at higher densities, this benefit does not apply when islets are encapsulated in immunoprotective macrodevices implanted in diabetic recipients.
These considerations, combined with the findings of our study, may have implications for optimal human islet culture and for islet shipment between isolation facility and islet transplant center 33 particularly when no efficient oxygenation devices are available 16 . The relevance of our findings may be even more significant for islets encapsulated in immunoprotective extravascular macrodevices or seeded on scaffolds and then implanted within the peritoneal cavity, the omental pouch, or at the subcutaneous site. The nutritive support of islets loaded into an extravascular macrodevice solely depends on passive diffusion of nutrients such as glucose, amino acids, and, most important, oxygen 61 . It can be assumed that the already poor nutritive support of macroencapsulated islets is further deteriorated at a higher seeding density as shown by our data. Particularly, when encapsulated islets are contaminated by significant proportions of exocrine tissue the functional potency and viability of implanted islets are significantly decreased 62 . To avoid any cluster formation within the device, islet immobilization using an extracellular matrix protein or a porous structure seems to be an essential step to support islet function 63 . The only study that has quantified the effect of seeding density on the survival of transplanted islets, so far, demonstrated that the survival of pig islets seeded on porous scaffolds is substantially reduced by 55% when the density was increased from 750 to 3,000 IEQ/cm 2 . However, no direct correlation between seeding density and islet functional capacity was analyzed in this study 64 . A simple enlargement of an extravascular macrodevice may not provide the final solution as it is limited not only by anatomical restrictions but also by any extension of the oxygen diffusion distance, which determines the rate of islet necrosis. Conversely, increased cell death requires a higher tissue load to compensate for fewer functional islets 65 . In addition, increasing the dimensions of a macrodevice has the added significant disadvantage of deteriorating the kinetics of insulin efflux 66 . In summary, this study clearly demonstrates that the seeding density at normoxic atmospheric conditions is inversely correlated with islet viability and islet in vitro function. This is associated with a significant increase in VEGF and MCP-1 production, suggesting the involvement of hypoxia and proinflammatory mechanisms. Optimization of islet seeding densities and the development of novel strategies for improving oxygenation are both essential if islet encapsulation strategies are to be successfully translated into clinical practice.
